The activity and stability of the p53 tumor suppressor are regulated by the human homologue of the mouse double minute 2 (Hdm2) oncoprotein. It has been hypothesized that small molecules disrupting the Hdm2:p53 complex would allow for the activation of p53 and result in growth suppression. We have identified small-molecule inhibitors of the Hdm2:p53 interaction using our proprietary ThermoFluor microcalorimetry technology. Medicinal chemistry and structure-based drug design led to the development of an optimized series of benzodiazepinediones, including TDP521252 and TDP665759. Activities were dependent on the expression of wild-type (wt) p53 and Hdm2 as determined by lack of potency in mutant or null p53-expressing cell lines or cells engineered to no longer express Hdm2 and wt p53. TDP521252 and TDP665759 inhibited the proliferation of wt p53-expressing cell lines with average IC 50 s of 14 and 0.7 Mmol/L, respectively. These results correlated with the direct
Introduction
The p53 tumor suppressor protein is a DNA damageinducible transcription factor that contributes to both cell cycle arrest and apoptosis. The tumor suppressor activity associated with p53 is most prominently shown by the high rate of spontaneous tumor development in p53 knockout mice (1) . Furthermore, the activity of wild-type (wt) p53 is central to the positive response of tumors to various therapeutic regimens. Tumors that express null or mutant forms of p53 are associated with poorer prognosis and chemoresistance or radioresistance (2 -8) . Approximately half of all human cancer types have inactivated or mutant p53, supporting the concept that loss of p53 contributes to tumorigenesis (9) . Therefore, it has been proposed that up-regulation of wt p53 activity in tumors could be of therapeutic benefit (10 -12) .
Hdm2, the major intracellular negative regulator of p53, is also a transcriptional target of p53, and as such, Hdm2 acts in a negative feedback loop to tightly regulate wt p53 activity (13) . Inactivation of the Hdm2 gene locus causes embryonic lethality in mice; however, this phenotype can be rescued when it is crossed with p53 null mice. Thus, the major function of Hdm2 is to suppress p53 function in vivo (14, 15) . Hdm2 controls intracellular regulation of p53 levels in two ways. First, through its direct binding to p53 and subsequent occlusion of the site necessary for binding to the transcriptional machinery, Hdm2 can inhibit p53 growth-suppressive functions (16) . Second, Hdm2 has ubiquitin ligase activity, which targets p53 for destruction via the cellular proteasome pathway (17) . As in tumors expressing mutant or null p53, overexpression of Hdm2 by tumors is also associated with poor prognosis (18 -20) .
Reports of enhanced tumor cell death following disruption of the Hdm2:p53 interaction by Hdm2 antisense or p53 peptidomimetics indicate that inhibition of the Hdm2:p53 interaction will activate p53 and in turn trigger cell cycle arrest or apoptosis (21 -24) . Antisense to Hdm2 in combination with chemotherapeutic agents show that inhibiting the interaction between p53 and Hdm2 should be additive or synergistic with standard chemotherapeutic agents in the treatment of certain neoplasms (25) . Despite limited success, gene therapy approaches to induce wt p53 expression have been approved in China for the treatment of head and neck squamous cell carcinoma (26, 27) . Compared with these approaches, a small-molecule inhibitor of the Hdm2:p53 interaction would be advantageous due to uniform exposure to the tumor cells and facile administration. We have reported recently our effort to discover small-molecule inhibitors of the Hdm2:p53 interaction using ThermoFluor microcalorimetry and to use crystallography to assist in structure-based drug design (28) . Herein, we describe the molecular and cellular events triggered by these small-molecule inhibitors of the Hdm2:p53 interaction in cells and further show synergistic effects in vivo in combination with the DNA-damaging agent doxorubicin.
Materials and Methods
Cell Lines JAR choriocarcinoma cells (HTB-144) and HepG2 hepatocellular carcinoma cells (HTB-8065), both from American Type Culture Collection (Manassas, VA), were maintained in RPMI and EMEM supplemented with 10% fetal bovine serum, respectively. The mdm2/p53 double-null and mdmX/p53 double-null cell lines were the generous gift of Dr. Guillermina Lozano (University of Texas M.D. Anderson Cancer Center, Houston, TX) and were maintained as described (29) .
Proliferation Assay Cells were seeded at 1,000 per well in 96-well plates. After allowing for adherence overnight, cells were treated with various concentrations of compounds for 3 days. Cells were labeled with bromodeoxyuridine for the last 6 hours of compound exposure and then fixed and assayed by ELISA according to the manufacturer's instructions (Bromodeoxyuridine Cell Proliferation Assay, Exalpha, Watertown, MA). IC 50 s were determined using Prism software (GraphPad Software, San Diego, CA).
Coimmunoprecipitation and Immunoblot Assay JAR choriocarcinoma cells were treated with increasing doses of compounds for 90 minutes followed by lysis in Triton X-100 buffer [1% Triton X-100, 10 mmol/L Tris (pH 7.2), 5 mmol/L EDTA, 50 mmol/L NaCl, Complete Mini protease inhibitor cocktail tablets (Roche Applied Science, Indianapolis, IN), and phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich, St. Louis, MO)]. Lysates were normalized to protein and immunoprecipitated with an anti-p53 antibody (FL-393, Santa Cruz Biotechnology, Santa Cruz, CA). Immunoprecipitates were washed twice in lysis buffer followed by resuspension in electrophoresis sample buffer. Samples were separated on a 4% to 12% Bis-Tris polyacrylamide gels with 1Â MOPS running buffer (Invitrogen, Carlsbad, CA), transferred to nitrocellulose membranes, blocked with 5% nonfat dry milk in TBS/0.1% Tween 20, and probed in the same buffer with anti-p53 (DO-1, Oncogene Research Products, Boston, MA), anti-Hdm2 (SMP-14, Santa Cruz Biotechnology), or anti-actin (I-19, Santa Cruz Biotechnology). Relative ratios were determined after scanning images generated using Typhoon scanner (Molecular Dynamics, Sunnyvale, CA). Ratios were determined by ImageQuant analysis and were expressed as percent bound to p53 relative to the vehicle control.
Detection of Proteins fromTotal Lysate HepG2 cells were treated for 24 hours with TDP521252 and lysed in Triton X-100 buffer, and protein extract (30 Ag) was denatured and separated by SDS-PAGE. Gels were electroblotted as described above. Antibodies for immunoblotting included anti-Hdm2 2A10 hybridoma supernatant (gift from Dr. Mary Ellen Perry, NCI, Bethesda, MD), anti-p53 (Ab-6, Oncogene Research Products), anti-p21 waf1/cip1 (F-5, Santa Cruz Biotechnology), anti-phospho-p53 (Cell Signaling Technology, Beverly, MA), and anti -p53 up-regulated modulator of apoptosis (PUMA; Ab-1, Oncogene Research Products). SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL) was used to detect the proteins of interest, and blots were quantitated using either Scion Image Analysis (Scion Corp., Frederick, MD) or Typhoon scanner.
Quantitative Real-time PCR Analysis of p53 Target Genes Samples for quantitative real-time PCR analysis were obtained from either HepG2 cells or mouse tissue. HepG2 cells were seeded at 6 Â 10 5 per well in a six-well plate overnight. The following morning, cells were treated with compounds or DMSO over an 8-hour time course. Total RNA was isolated using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Female BALB/c nu/nu mice were given TDP665759 (25 or 50 mg/ kg) twice daily for a total of seven doses i.p. (12 hours apart) or doxorubicin (10 mg/kg) once i.v. 24 hours before tissue collection. Six hours after the final dose of TDP665759, the mice were sacrificed and livers were harvested and flash frozen on dry ice in tubes containing RNeasy and total RNA was isolated as described above.
Real-time PCR using RNA as the initial template was done on these samples using the Taqman One-Step RT-PCR Master Mix Reagent (Applied Biosystems, Foster City, CA). Fluorescently tagged primer/probe mixtures were purchased from Applied Biosystems for human glyceraldehyde-3-phosphate dehydrogenase, Hdm2, PUMA, p53, p21 waf1/cip1 , and p53-inducible gene-3 and were designed to span an intron/exon boundary to discount genomic DNA contamination. All samples were normalized to glyceraldehyde-3-phosphate dehydrogenase and quantified using the standard curve method. Reactions were carried out in an ABI Prism 7000 (Applied Biosystems).
H2AX Phosphorylation Assay JAR choriocarcinoma, HepG2 hepatocellular carcinoma, and A375 melanoma cells were seeded at 10,000 per well in 96-well plates and allowed to adhere overnight. Cells were then treated with 40 Amol/L TDP521252 or TDP536356, 5 Amol/L doxorubicin, or 50 Amol/L topotecan for 2 hours, processed, and analyzed for phosphorylated H2AX using the H2AX Phosphorylation Chemiluminescent Assay (Upstate, Charlottesville, VA).
Caspase Assay HepG2 hepatocellular carcinoma cells were treated with 40 Amol/L TDP521252, TDP536356, or DMSO for 0, 8, 16, 24, or 48 hours. Cells were lysed and exposed to substrates for caspase-3 and caspase-7 (ApoOne, Promega, Madison WI) and specific processing was measured over 2 hours. Rates of caspase activity were then calculated using the differential results at 20 and 40 minutes after substrate addition.
Hoechst Staining For assessing apoptotic nuclei, HepG2 cells were plated onto four-chamber SonicSeal slides (Nunc, Naperville, IL). After exposure to compound, cells were fixed with 3.7% formaldehyde for 15 minutes, rinsed in PBS, and subsequently stained with 2.5 Ag/mL Hoechst dye for 15 minutes. After staining, cells were rinsed again and mounted using Prolong Antifade (Molecular Probes, Eugene, OR) and then examined and photographed with an Olympus IX81 microscope (Melville, NY).
Cell Culture Drug Combination Studies A375 melanoma cells (ATCC CRL-1619) were seeded at 2,000 per well in 96-well white-walled plates and allowed to adhere overnight. Chemotherapeutic agents and TDP665759 were added at the same time in a fixed ratio format. Cells were exposed to compound for 48 hours and viability of cells was determined using Cell-Titer-Glo (Promega). Calculations of combination effects were done according to the method of Chou and Talalay (30) using CalcuSyn software (Biosoft, Cambridge, United Kingdom). Combination indices of <0.9 are synergistic, between 0.9 and 1.1 are additive, and >1.1 are antagonistic. For the determination of p53 levels in combination-treated cells, A375 melanoma cells were seeded at 5,000 per well in 96-well plates and allowed to adhere overnight. After cells were treated with the IC 50 of each of doxorubicin (0.2 Amol/L) and TDP665759 (2 Amol/L) and the combination for 24 hours, cells were lysed and p53 levels were determined using the PathScan Total p53 Sandwich ELISA (Cell Signaling Technology). 
Results

Inhibitors of the Hdm2:p53 Interaction Suppress Tumor Cell Proliferation
We have reported previously the identification of novel small-molecule inhibitors of the Hdm2:p53 interaction using ThermoFluor microcalorimetry, which detects a shift in the intrinsic melting temperature of protein bound to compound (28, 31, 32) . A benzodiazepinedione series identified from this screening effort was further optimized for in vitro potency in a fluorescence polarization assay that detects the displacement of fluorescently labeled p53 peptide from an amino-terminal fragment of the Hdm2 protein (28) . The in vitro potencies of specific active enantiomers from the benzodiazepinedione series exhibited IC 50 s from 0.3 to 0.7 Amol/L that were substantially different from those of the related inactive enantiomers ( Fig. 1 ). One example, TDP222669, is a relatively potent Hdm2 inhibitor in vitro with an IC 50 of 0.57 Amol/L. The cellular potency of this compound was poor, however, most likely due to low cell permeability. Efforts to advance this chemical series were focused on increasing cellular permeability. In this regard, replacement of the acid moiety of TDP222669 with a methyl group and introduction of a valeryl (TDP521252) or a 3-(4-methylpiperazin-1-yl)propyl (TDP665759) solubilizing moiety at position 1 of the 1,4-benzodiazepine-2,5-dione created compounds with roughly equivalent in vitro potencies relative to TDP222669 but f3-to 66-fold improved cellular activity ( Table 1) .
The antiproliferative activities of TDP222669 and TDP-521252 were measured across a panel of human tumor cell lines. TDP521252 was 3-fold more potent, on average, than TDP222669 against cells expressing wt p53 (Table 1) . Further, TDP665759 was f22-fold more potent then TDP521252, with an average IC 50 in cells expressing wt Small-Molecule Inhibitors of the Hdm2:p53 Complex p53 of 0.7 Amol/L (data not shown). As would be predicted for an indirect p53 agonist, these compounds were less effective at controlling the growth of tumor cells expressing mutant or null p53. The enhanced cellular potency observed against cells expressing wt p53 correlated with decreased activity in mutant or null p53 cell lines. The window of growth inhibitory activity between wt and mutant/null p53 cell lines for TDP222669 was f4-fold and similar to that obtained with TDP521252 ( Table 1 ). The sensitivity of wt p53-expressing cells increased to >10-fold, on average, when cells were treated with TDP665759, with an IC 50 
Benzodiazepinediones Rapidly Cause the Dissociation of Cellular Hdm2 from p53
It was critical to our understanding of the functional outcomes of treating cells with the benzodiazepinediones to study the direct effect of these compounds on the Hdm2:p53 complex in cells. For these studies, JAR choriocarcinoma cells were used because they have higher and thus more readily detectable basal levels of Hdm2 and p53 (33) . JAR cells were treated for 90 minutes with TDP521252 or the inactive enantiomer TDP536356, lysed, normalized for protein, and subjected to immunoprecipitation with an anti-p53 antibody. As shown in Fig. 2A , there is a striking dose-dependent decrease in the amount of Hdm2 associated with p53 that is observed in the presence of inhibitors. At a concentration of 40 Amol/L, 2-fold greater than the IC 50 for inhibition of cell proliferation, TDP521252 caused >90% dissociation of Hdm2 from p53. Similar results have been observed as early as 15 minutes after treating cells with compounds (data not shown). In contrast, the inactive enantiomer, TDP536356, failed to cause significant dissociation of Hdm2 from p53 ( Fig. 2A) . These results are more striking when the increase in total Hdm2 and p53 levels relative to steady total actin levels are compared with the amount of Hdm2 remaining associated with p53 in the presence of the active enantiomer ( Fig. 2A) . As expected, these data show that initial release of p53 from Hdm2 results in an increase in Hdm2 levels and that these higher levels of Hdm2 do not interact with p53 in the presence of active enantiomer in the cell.
It is well understood that p53 can be stabilized after cells are exposed to DNA-damaging agents or environmental stress. Multiple kinases have been shown to phosphorylate specific sites on p53 leading to release of p53 from Hdm2 and activating downstream target gene expression (34, 35) . To confirm that DNA damage was not the mechanism by which the benzodiazepinediones were causing p53 release from Hdm2, we examined two DNA damage -inducible phosphorylation events. First, we analyzed the Ser 15 residue of p53 in HepG2 cells exposed to TDP521252 or the inactive enantiomer TDP536356. As would be predicted, only TDP521252, but not TDP536356, increased the level of total p53 (Fig. 2B) . As a positive control, treatment of HepG2 cells with the topoisomerase II inhibitor doxorubicin led to an increase in phosphorylation at Ser 15 concomitant with the increase in total p53 in agreement with previous reports (36) . Neither TDP521252 nor TDP536356 caused the phosphorylation of p53 at Ser 15 (Fig. 2B ). The lack of phosphorylation at Ser 15 as well as other phosphorylation sites on p53 has been reproduced in A375 melanoma and HCT116 colon carcinoma cells (data not shown). We also examined the phosphorylation of H2AX, another indicator of DNA damage, in response to TDP521252, TDP536356, and the known DNA-damaging agents topotecan and doxorubicin in JAR choriocarcinoma, HepG2 hepatocellular carcinoma, and A375 melanoma cells (Fig. 2C) . Although there was substantial phosphorylation of H2AX induced by both of the known DNA damage inducers in these cell lines after 2 hours, there was no phosphorylation induced by the Hdm2 inhibitors at twice the IC 50 concentrations in any of the cell lines tested. The lower phosphorylation of H2AX in HepG2 when compared with the other cell lines is consistent with a previous report that the HepG2 cell line is not particularly sensitive to DNA-damaging agents (37) . These data, taken together with our crystal structure (28) , window of activity between cell lines expressing wt and mutant or null p53, and lack of DNA damage pathway activation, support the concept that disruption of the Hdm2:p53 interaction is the principal mechanism of action of the Hdm2-directed benzodiazepinediones. Stabilization of p53 results in the up-regulation of a multitude of genes involved in diverse activities, including regulation of cell cycle and apoptosis (38, 39) . Therefore, it was of interest to show that inhibitors of the Hdm2:p53 complex modulated p53-regulated genes and their translated proteins. In particular, p53-inducible gene-3, PUMA, Hdm2, and p21 waf1/cip1 were examined due to their involvement in the cell cycle and apoptosis (39, 40) (Fig. 3A) . Early mRNA induction was observed for p21 waf1/cip1 and Hdm2 peaking after 4-hours exposure to TDP521252, with increases in PUMAa and p53-inducible gene-3 following at later time points. The time course of early and late induction of these genes is consistent with previously reported results of promoter occupancy (41) . In contrast, no induction of p21 waf1/cip1 (or the other p53-regulated genes; data not shown) was observed following treatment of the cells with either DMSO or the inactive enantiomer, TDP536356 (Fig. 3A) . A similar profile was observed in JAR choriocarcinoma cells (data not shown).
To show that the induction of p53-regulated mRNA by TDP521252 resulted in increased protein expression, HepG2 cells were treated with increasing doses of TDP521252 for 24 hours followed by immunoblot analysis of lysates from treated samples. We observed dosedependent increases in p53-regulated protein expression in all instances. At the highest dose of TDP521252 tested (40 Amol/L), the greatest induction of protein relative to untreated controls was observed with PUMAa (84 times) followed by p21 waf1/cip1 (67 times) and Hdm2 (45 times; Fig. 3B) . Furthermore, the level of p53 protein was f3-fold higher after 24 hours in the presence of 40 Amol/L TDP521252 (Fig. 3B) . The increase in p53 protein was not due to changes in mRNA expression (Fig. 3A) but rather was most likely due to inhibition of the ubiquitination of p53 induced by Hdm2 E3 ligase activity when p53 is bound to Hdm2 (17) . Overall, these data clearly show that stabilization of p53 by TDP521252 leads to the increased expression of p53-regulated genes.
TDP521252 Induces Apoptosis in HepG2 Cells Activation of p53 in tumor cell lines can lead to either a cytostatic or an apoptotic event depending on the cellular environment (39) . In anticipating the effect of an Hdm2:p53 inhibitor on tumor growth in xenografts, it was essential to determine whether such an inhibitor would act as a cytostatic agent and prevent further tumor growth or induce programmed cell death and potentially lead to tumor regression. To address this question, two parameters of programmed cell death, caspase activity and chromatin condensation, were examined in HepG2 cells. The rate of caspase-3 and caspase-7 activation in cells treated with the active enantiomer TDP521252 is substantially increased compared with that observed for cells treated with either DMSO or the inactive enantiomer TDP536356 (Fig. 4A) . The induction of caspases was observed as early as 16 hours after addition of TDP521252 and increased f4.5-fold over the following 32 hours. In additional studies, asynchronous HepG2 cells were exposed to both the active and the inactive enantiomers of TDP521252 over a 3-day period after which time cells were harvested, fixed, and stained with Hoechst dye to detect chromatin. Exposure to the active enantiomer caused an accumulation of condensed chromatin as seen by punctate staining of the nuclei (Fig. 4B) . Taken together, these data indicate that inhibition of the Hdm2 interaction with p53 in HepG2 cells leads to activation of an apoptotic response in HepG2 cells.
Induction of the p21 waf1/cip1 Biomarker In vivo by an Inhibitor of the Hdm2:p53 Interaction
Over the course of optimizing the benzodiazepinedione series, we identified compounds with comparable in vitro antiproliferative potencies as TDP521252 but with enhanced cellular permeability. In this regard, the compound TDP665759 inhibited wt p53-expressing MCF7 breast carcinoma cells with an average IC 50 of 0.73 F 0.21 Amol/L (three separate experiments), a 14-fold improvement over TDP521252. Similar to TDP521252, TDP665759 did not significantly inhibit the proliferation of mutant p53 MDA-MB-231 cells, with an IC 50 of >5 Amol/L. To begin to address whether these inhibitors could induce p53 activation in vivo, we established a pharmacodynamic assay to measure induction of p21 waf1/cip1 mRNA from various tissues after treating mice with benzodiazepinediones. Doxorubicin has been shown previously to activate p53 and was therefore used as a positive control (42) . The benzodiazepinediones and doxorubicin induced p21 waf1/cip1 message to the greatest extent in liver (Fig. 5A) , with lesser but measurable induction in thymus and spleen, respectively (data not shown). The highest sensitivity of the liver to these agents is consistent with p21 waf1/cip1 induced by g-irradiation in wt p53 transgenic mice (43). Mice were given TDP665759 i.p. at 25 and 50 mg/kg twice for a total of seven doses or doxorubicin once i.v. 24 hours before sacrifice. In these experiments, the compound was well tolerated at the 25 mg/kg dose; however, the 50 mg/kg group experienced some body weight loss (16%) by the end of the 4-day study. Liver tissues were retrieved 6 hours after the final compound administration and analyzed by real-time PCR to determine the change in p21 waf1/cip1 mRNA. Administration of 25 mg/kg TDP665759 produced a 30-fold induction of p21 waf1/cip1 relative to vehicle control and was similar to induction by doxorubicin treatment (Fig. 5A) . At the 50 mg/kg dose, induction was >150-fold relative to vehicle control. The exponential-like effect of p21 waf1/cip1 mRNA induction suggests the possibility of positive feedback loops and has been observed with other compounds in this chemical series (data not shown). These results show in vivo target-based activity of the benzodiazepinediones.
TDP665759 Potentiates Doxorubicin in Cell Culture and in A375 Xenografts
It has been hypothesized that activating p53 in combination with chemotherapy or radiotherapy would result in enhanced antitumor activity (44) . This has been shown preclinically with antisense to Hdm2 in a variety of prostate cancer, breast cancer, and glioma models (45) (46) (47) (48) and recently in a phase II study using a combination of a replication-deficient adenovirus expressing wt p53 and doxorubicin in patients with locally advanced breast cancer (49) . To test this hypothesis with small-molecule inhibitors of the Hdm2:p53 interaction, A375 melanoma cells (50) were treated with TDP665759 in combination with a variety of chemotherapeutic agents. Using a fixed ratio combination approach (30), TDP665759 synergized with doxorubicin, 5-fluorouracil, and irinotecan (Fig. 5B) . In contrast, combination of TDP665759 and cisplatin resulted in an antagonistic effect.
Hypothesizing that the combination of Hdm2 inhibition and treatment with a DNA-damaging agent would enhance p53 stabilization, we sought to determine the molecular basis for this synergy by analyzing total p53 levels in A375 melanoma cells treated with TDP665759, doxorubicin, and the combination of the two agents for 24 hours. We found that treatment of A375 cells with TDP665759 or doxorubicin alone resulted in a 4-and 6-fold increase in p53 levels over DMSO-treated cells, respectively (Fig. 5C ). When these agents were added together, p53 levels rose 18-fold over control. These data support that the molecular mechanism of the synergy is to enhance p53 stabilization.
Based on these results, doxorubicin was selected for testing in combination with TDP665759 in an A375 xenograft model. The dose of TDP665759 was chosen based on the maximum tolerated dose in combination with doxorubicin. The dosing concentration of TDP665759 alone was not expected to achieve significant efficacy based on pharmacokinetic profiles of the compound. As can be seen in Fig. 5D , TDP665759 (100 mg/kg) elicits only a modest effect on A375 tumor growth but trends toward a significant difference from that seen in vehicle-treated animals (P = 0.0513 at day 15, Mann-Whitney test). The low dose of doxorubicin (1.5 mg/kg = 0.5 maximum tolerated dose) did not result in any significant difference in tumor growth from the vehicletreated animals (P = 0.4079, Mann-Whitney test). However, combining TDP665759 and 1.5 mg/kg doxorubicin resulted in tumor growth inhibition similar to that resulting from treatment with 3 mg/kg doxorubicin (tumor growth inhibition of 79% versus 74% on day 15, respectively). These two treatment paradigms were also similar in the delay to reach the study end point of 2,000 mg (28.0 days for 3 mg/kg doxorubicin and 26.9 days for the combination versus 16.1 days for vehicle-treated mice). Interestingly, the body weight loss was greater in the mice that received the maximum tolerated dose of doxorubicin alone (20% on day 15) than in the mice that received the combination (8.4% on day 15), indicating that reduction in dose of chemotherapeutic agents can reduce toxicity. These data support the prevailing hypothesis that a DNA-damaging chemotherapeutic agent would synergize with an agent that prolongs induction of p53, and importantly, these data are the first to show this synergy when p53 is induced using a smallmolecule inhibitor of the p53:hdm2 interaction. Discussion p53 has been called the ''cellular gatekeeper'' presiding over key processes involved in determining whether a cell lives or dies. Its involvement in cellular growth regulation is evidenced by the robust and spontaneous tumor development observed in p53 knockout mice (51) . Approximately one-half of human tumors have lost the ability to activate wt p53, further suggesting a key role for this tumor suppressor (52, 53) . Based on these observations, approaches to activating wt p53 have been a target of intense research for the potential to treat a variety of human cancers. The most advanced clinical attempts to express wt p53 in solid tumors involve gene therapy with adenoviral vectors or the use of recombinant viruses. To date, the clinical results have been disappointing possibly due to difficulty in delivery, the maintenance of long-term expression, or the formation of nonfunctional tetramers containing both wt and mutant p53 (27, 54) . Hdm2 antisense approaches are in the discovery stage (21, 22, 33) . Small-molecule inhibitors of the Hdm2:p53 interaction may offer advantages over these other approaches in terms of ease of delivery to the tumor site and uniform distribution; however, this also remains to be tested in the clinic.
We have focused on the discovery of small-molecule inhibitors of the Hdm2:p53 interaction and identified an active series of benzodiazepinediones (28, 32) . Members of this chemical series have been successfully cocrystallized with Hdm2 and shown to make critical binding contacts in the p53-binding pocket of Hdm2 (28) . Consistent with the submicromolar in vitro activity of the most potent of these compounds, the inhibitors selectively block cell growth of a variety of wt p53-expressing cells compared with mutant or null p53 tumor cell lines ( Fig. 1; Table 1 ). These results imply that the activities observed in vitro are related to the growth inhibitory activities. Moreover, dissociation of the Hdm2:p53 complex in cells on short-term exposure to the benzodiazepinedione inhibitors provides further evidence that these compounds target the interface between Hdm2 and p53 in cells (Fig. 2A) . Unlike DNA-damaging agents, such as doxorubicin, it was anticipated that direct disruption of Hdm2 from p53 would not induce phosphorylation of p53. Indeed, these compounds do not phosphorylate p53 at Ser 15 nor H2AX and thus are not affecting p53 via some upstream-related activity (Fig. 2B and C) . Overall, the correlation between the dose-dependent dissociation of Hdm2:p53 in cells and the inhibition of cellular growth elicited by these compounds supports the conclusion that inhibition of growth is due to antagonism of the Hdm2:p53 complex.
There are several lines of evidence that suggest that the Hdm2 oncoprotein can function independently of p53. Splice variants of Hdm2 lacking the p53-binding domain have been identified in human tumors and have been shown to possess transforming ability (55) . In vivo studies have shown that the spectrum of tumors that develop in transgenic mice overexpressing Hdm2 is distinct from that found in p53-null mice and that Hdm2 can drive sarcomagenesis in p53-null animals (56) . Lastly, other binding partners of Hdm2 could assist Hdm2 function along an oncogenic pathway [e.g., Hdm2 inhibition of MDM2-binding protein -induced p53-independent G 1 arrest (57)]. HepG2 cells were exposed to TDP521252 for 72 h, fixed with formaldehyde, and stained with Hoechst dye. Cells were visualized and photos were taken using Olympus IX81.
The benzodiazepinedione inhibitors described here lost potency in cells expressing Hdm2 in the absence of wt p53, supporting the conclusion that the compounds do not have direct effects on Hdm2 activities independent of p53 binding (Table 1 ). This was further addressed when we showed a similar response in Mdm2/p53 double-null mouse embryonic fibroblasts (29) . Growth of these cells was inhibited by TDP521252 with an IC 50 of 50 Amol/L (95% confidence limits, 38.2 -65.3 Amol/L), which is f3.5-fold less potent than with wt p53-expressing cells and similar to the average IC 50 (46 Amol/L) observed in the mutant or null p53 cell lines (Table 1) . Similar results were obtained with mouse embryonic fibroblasts rendered null to p53 and another Hdm2 family member known to regulate p53, MdmX (ref. 29 ; data not shown). Furthermore, in separate studies, we found that Hdm2-directed benzodiazepinediones did not bind to MdmX in vitro (data not shown). These results showed that the benzodiazepinediones did not induce Mdm2-dependent, p53-independent effects and did not interact with other Mdm2 family members.
We and others have observed that the earliest genes that are induced by p53 are involved in cell cycle arrest preceding genes associated with apoptosis ( Fig. 3; ref. 58 ). It is of interest that this order of induction is observed, because it is known that cells can recover from cell cycle arrest (59) . Perhaps this is a phenomenon associated with assessing the health of cells. The increase in expression of the apoptotic transcriptional targets of p53 coincides with the decrease in expression of the cell cycle control transcriptional targets. Whether sustained elevation of p53 is accomplished through naturally sensing DNA damage or artificially using approaches, such as small-molecule antagonists of the Hdm2:p53 interaction, the late induction of apoptotic genes may become functionally dominant depending on the cell type. In this regard, TDP521252 elicited an apoptotic response in HepG2 cells evidenced by caspase induction and the presence of condensed chromatin (Fig. 4) , and we have observed similar responses in JAR choriocarcinoma cells. However, we and others (39) have also observed that sustained p53 levels alone do not dictate apoptosis for all cell types. For example, caspase-3-null MCF7 cells (60) growth arrest but do not apoptose like HepG2 cells when treated with TDP521252 (data not shown), suggesting that p53 levels alone are not sufficient in all cell types to induce apoptosis and that this response will vary depending on the cellular environment.
One of the downstream consequences of activating p53 is the up-regulation of Hdm2 protein (Fig. 3B) . The tight Hdm2 negative feedback loop induced by p53 activity has been well documented in the literature (13) . Our analyses in cells showed that induction of Hdm2 expression is an early response to activation of p53 once it is dissociated from the complex by the inhibitors (Fig. 3A) . Similarly, DNAdamaging chemotherapeutic agents, such as doxorubicin, also elicit an early induction of Hdm2, and in theory, this contributes to the long-term loss of efficacy of these drugs in man (61) . One might anticipate that the combination of chemotherapeutic agents with an inhibitor of the Hdm2:p53 interaction would enhance the overall effect of blocking tumor growth. Indeed, such results have been shown with coadministration of antisense Hdm2 and 10-hydroxycamptothecin in SJSA xenografts (33) . The benzodiazepinediones also act in synergy with a variety of chemotherapeutic agents in the A375 cell culture model (Fig. 5B ) and this may be due to the higher levels of p53 in cells so treated (Fig. 5C) . The mechanism by which cisplatin and inhibitors of the Hdm2:p53 interaction act antagonistically is uncertain at this time. However, these results are not unexpected, as cisplatin has been shown in multiple reports to be more efficacious when p53 is defective (62, 63) .
The combination A375 xenograft study clearly shows that TDP665759 enhances the activity of doxorubicin in vivo (Fig. 5D ). The combination of TDP665759 and doxorubicin at doses that are inactive alone led to a tumor growth delay (79% of control group) similar to doxorubicin at the maximum tolerated dose (74% of control group) at day 15 of the study. These results provide the first in vivo evidence that a small-molecule p53 agonist can potentiate DNA-damaging agents and thus may provide therapeutic benefit as a combination therapy.
Thus far, two other groups have reported small-molecule inhibitors of the hdm2:p53 interaction. Vassilev et al. identified cis-imidazoline derivatives (nutlins) that show cellular potencies similar to those reported here for the benzodiazepinediones (64) . Although high doses of Nutlin-3 given twice daily were efficacious in preventing further tumor growth in a SJSA-1 xenograft study, it was not clearly established that the observed effects in vivo were mechanistically related to p53 antagonism. In contrast, RITA, another small-molecule inhibitor of the p53:Hdm2 interaction, was shown to decrease tumor growth in a HCT116 xenograft model and showed that efficacy coincides with stability of p53 in these tumors (65) . However, RITA differs from the nutlins and from the benzodiazepinediones, because it has been reported to bind to p53; yet, this finding has recently been challenged (66) . The compounds presented here produce molecular and cellular effects that are consistent with those induced by both the nutlins and RITA and additionally show that p53 agonists can enhance the in vivo efficacy of chemotherapeutic agents. Overall, our data support the concept that increasing p53 activity via disruption of the Hdm2:p53 interaction may have therapeutic use for the treatment of wt p53-expressing tumors.
